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ABSTRACT 

This y e a r ' s  work has  led t o  improved l i t h ium cells. Using 
improved boron d i f f u s i o n  methods, it is now p o s s i b l e  t o  
obta in  near-equivalent AM0 I - V  values  for  both oxygen-rich 
(OR) and oxygen-lean (OL) s i l i c o n .  The t rend  has  been to- 

wards reduced amounts of l i t h i u m  i n  t h e  cells  by using l o w e r  
l i t h i u m  d i f f u s i o n  temperatures f o r  long, s ing le-s tep  dr ive-  
i n  t i m e s ,  

For comparison, 425°C for 90 minutes gave l i t h ium concentra- 
t ions  i n  the  b u l k  of t h e  cel l  of 3 x 1016 cm-3 (OL) and 
2 x cme3 (OR) ,  The  concent ra t ions  at t h e  P/N j unc t ion  
w e r e  2 x 1015 cm-3 (OL) and 1015 cm-3 (OR) .  

Using 325°C - 480 minutes bulk concent ra t ions  w e r e  lo1' cmm3 
(both OL and OR s i l i c o n )  and junc t ion  concent ra t ions  w e r e  
2 x 10x4 cm-3 (OL and OR s i l i c o n ) .  Using t h e  325°C - 480 
minutes schedule, OR s i l i c o n  cells,  2 cm2 a r ea  gave average 
AM0 P450 values  over 31mW, and OL s i l i c o n  gave 29.5mW. The 
OR values  a r e  better than present  10 ohm-cm N/P cells.  

The c e l l  shipments a r e  summarized, and compared t o  e a r l i e r  
shipments. Recommendations a r e  given f o r  f u t u r e  work. 
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1.0 Summary 

This r e p o r t  describes the p resen t  s t a t u s  of a program 
t o  develop l i t h i u m  doped s i l i c o n  s o l a r  cells  which g ive  
supe r io r  performance i n  space, compared t o  W/P cel ls .  
The work descr ibed concent ra tes  on t h e  optimum combina- 
t i o n  of the ma te r i a l s  and f a b r i c a t i o n  methods used, 

The work has  l e d  t o  improved l i t h i u m  cel ls ,  Las t  year  
c o n s i s t e n t  d i f f e r e n c e s  i n  I - V  c h a r a c t e r i s t i c s  w e r e  
observed when t h e  same l i t h ium d i f f u s i o n  schedule was 
given t o  oxygen-rich (OR) and oxygen-lean (OL) s i l i c o n .  
The OL s i l i c o n  cel ls  w e r e  5-8mA l o w e r  i n  Isc, and 35mV 
l o w e r  i n  Voc for  AM0 i l lumina t ion ,  140 mW/cm2, a t  28°C. 

T h i s  year ,  improved boron d i f f u s i o n  methods have r e s u l t e d  
i n  improved I-V c h a r a c t e r i s t i c s  f o r  OL s i l i c o n  cells, and 
it i s  now p o s s i b l e  t o  get near  equiva len t  va lues  f o r  t h e  
t w o  types of s i l i c o n  using the same f a b r i c a t i o n  condi t ions.  
Two boron methods show most promise, namely, a modified 
p iocess  using boron t r i c h l o r i d e  a s  t h e  source and t h e  u s e  
of boron t r ibromide a s  t h e  source,  

The t r end ,  guided by feedback f r o m  the r a d i a t i o n  t e s t i n g  
groups, has  been towards cells  w i t h  reduced amounts of 
l i th ium,  and the l i t h i u m  d i f f u s i o n  schedules have s h i f t e d  
f r o m  medium temperature (425°C) dr ive- in  .d i f fus ion  
followed by r e d i s t r i b u t i o n  cycles ,  t o  the u s e  of long s inq le -  
s t e p  dr ive- in  cyc les  a t  low temperatures e.g. 325°C - 480min, 
or 375°C for  180min. 

The concent ra t ion  of l i t h ium r e s u l t i n g  from var ious  
schedules of i n t e r e s t  f o r  bo th  types of s i l i c o n  was 
measured throughout t h e  cells .  The concent ra t ions  i n  the 
bulk w e r e  obtained by sec t ion ing  (from t h e  f r o n t  o r  back 
of the sl ice) and measuring the donor concent ra t ion  wi th  a 
movable r e s i s t a n c e  probe, The concent ra t ions  near  t h e  P/N 
j unc t ion  (wi th in  about Svm) ,  w h e r e  the r e s o l u t i o n  of t h e  
probe was inadequate, w e r e  obtained by a n a l y s i s  of t h e  
v a r i a t i o n  of reverse-bias  capaci tance a s  the b i a s  was in- 
creased,  



T h e  range of l i t h i u m  concentrations s tud ied  i s  shown i n  
the following t a b l e ,  

OR s i l i c o n  

Lithium Diffusion 
Schedule 

1015' 2 x 1 ~ 1 4  

L i t h i u m  Concentration ( ~ m - ~ )  
1 

I n  Bulk of C e l l  

425"c - 90 min. 
I 

A t  P/N Junct ion  

325°C - 480 mine 

01, s i l i c o n  1015 2x1014 

It has  been shown i n  the p a s t  t h a t  reduced l i t h ium 
concent ra t ions  al low g r e a t e r  bu lk  c o l l e c t i o n  a s  a r e s u l t  
of g r e a t e r  d i f f u s i o n  length  f o r  the minori ty  c a r r i e r s  
( h o l e s ) .  Thus the e l e c t r i c a l  output  of l i t h ium cel ls  has  
improved a s  a r e s u l t  of t h e  u s e  of these long t i m e ,  l o w  3 

temperature cyc les ,  AM0 va lues  f o r  the power a t  450mV 
f o r  2cm2 cells  w e r e  31mW (OR s i l i c o n )  and 29,5mW (OL 
s i l i c o n ) .  These power outputs  exceed t h a t  of p re sen t  
10 ohm-cm N/P cel ls .  

T h e  ce l l  shipments made i n  t h i s  year  w e r e  summarized and 
discussed. 
Much work was done t o  improve t h e  s e p a r a t e  processing s t e p s ,  
and has  r e s u l t e d  i n  better r e p e a t a b i l i t y  and ce l l  perfor-  
mance., 

More work was done on s t r u c t u r e s  more complex than ordinary 
l i t h i u m  cel ls ,  For example, the  combination of a t h i n  
oxygen l a y e r  on OL s i l i c o n  was t e s t e d  t o  see i f  t h e  f a s t  
recovery ( a f t e r  i r r a d i a t i o n )  of OL s i l i c o n  could be obtained 
w i t h  the g r e a t e r  s t a b i l i t y  of OR s i l i c o n ,  The t h i n  oxygen 
l a y e r  had a f a r  g r e a t e r  effect  than p red ic t ed ,  decreas ing  
the recovery r a t e  by two orders  of magnitude, However, t h e  
s t a b i l i t y  of Lopex s i l i c o n  cells was improved, work on th i s  
s t r u c t u r e  was reduced because with the t rend  towards lower 
l i t h i u m  concent ra t ions  i n  the ce l l s ,  the problems of re- 
degradat ion a r e  less severe ,  
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Work a l s o  continued on tests where the  l i t h i u m  was i n t r o -  
duced through t h e  f r o n t  su r f ace  of the ce l l ,  Most tests 
w e r e  d i sappoin t ing ,  r e s u l t i n g  i n  cel ls  w h i c h  d r i f t e d  i n  
c h a r a c t e r i s t i c s  even before  i r r a d i a t i o n .  

The work t o  d a t e  has  shown the  problem a reas  remaining, 
The f a b r i c a t i o n  processes  a r e  bet ter  understood than 
previously and al low better con t ro l .  The best l i t h ium 
c y c l e  w i l l  be t h a t  giving the best trade-off between ou t -  
p u t  and recovery evaluated under r e a l i s t i c  space condi t ions ,  
More work is needed t o  de f ine  and provide the optimum d i s -  
t r i b u t i o n  of l i t h i u m  i n  t h e  cel ls .  I n  add i t ion ,  emphasis 
w i l l  s h i f t  towards f a b r i c a t i o n  s t e p s  which a r e  capable of 
s c a l i n g  up, and which can provide cel ls  which pass  the 
var ious  environmental tes ts  required t o  q u a l i f y  ce l l s  f o r  
space use .  
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2 - 0  In t roduct ion  

The o b j e c t i v e  of t h i s  work i s  t o  develop high e f f i c i e n c y  
s i l i c o n  s o l a r  ce l l s  using l i t h i u m  doping t o  improve c e l l  
s t a b i l i t y  i n  space missions,  The l i t h ium i n t e r a c t s  w i t h  
recombination cen te r s  introduced i n t o  the s i l i c o n  by the 
charged p a r t i c l e s  encountered i n  most o r b i t s ,  and enables 
the ce l l  output  t o  recover from t h e  degrading effects of 
this  r a d i a t i o n  damage, The  most favorable  case would be 
adequate recovery a t  near-ear th  temperatures (below 4 0 " C ) ,  
b u t  f o r  many missions of i n t e r e s t  the equi l ibr ium t e m -  
p e r a t u r e  f o r  the s o l a r  cel ls  w i l l  be above 6 0 ° C .  The 
work descr ibed here concent ra tes  on the f a b r i c a t i o n  pro- 
cesses for  l i t h i u m  s o l a r  cells ,  t o  understand the i n t e r -  
a c t i o n  of the ma te r i a l s  and methods used i n  these processes .  
Possible improved processes  a r e  combined t o  g ive  w e l l  
con t ro l l ed  groups of cel ls  f o r  t he  organiza t ions  who perform 
i r r a d i a t i o n  and ana lys i s .  Based on t h e  r e s u l t s  of t h e s e  
i r r a d i a t i o n s ,  a l t e r a t i o n s  a r e  made i n  t h e  f a b r i c a t i o n  
sequence e 

This r e p o r t  p re sen t s  the  r e s u l t s  obtained i n  t h e  p a s t  year  
wi th  r e spec t  t o  the effects of the s i l i c o n  ma te r i a l ,  boron 
and l i t h ium d i f f u s i o n s .  and contac ts .  T h e  groups of cells  
shipped a r e  summarized, 

3-0 Technical Discussion 

3.1 Method of Growth of S i l i c o n :  

I n  l a s t  y e a r ' s  work (1) good consis tency was obtained 
for cel ls  made from t h e  two main types of s i l i c o n  
growth, namely, oxygen-rich (OR) pu l led  from a s i l i c a  
c r u c i b l e  and oxygen-lean (OL) s i l i c o n  comprising 
f loat-zone r e f ined ,  Lopex' o r  Monex s i l i c o n ,  
Howeverp f o r  given boron and l i t h i u m  d i f f u s i o n  
sequences, OL s i l i c o n  gave c o n s i s t e n t l y  l o w e r  values  
f o r  AM0 readings of open c i r c u i t  vo l t age  V o c  and 
s h o r t  c i r c u i t  c u r r e n t  IscI wi th  consequent lower 
readings of c u r r e n t  and power a t  450mV (I45Op P450.1. 
A series of c a r e f u l  tests showed t h a t  these d i f f e r e n c e s  
can be l a r g e l y  removed by a l t e r i n g  t h e  method used f o r  
boron d i f f u s i o n ,  Using some of t h e  improved boron 
methods descr ibed  i n  Sec t ion  3,2 below, it is p o s s i b l e  
t o  g e t  close equivalence of V o c ,  Ise and 1450 for  both  
OR and OL s i l i c o n ,  

+ Trademark of Texas Instruments Inc ,  
d Trademark of Monsants Chemical 
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Thus, the  boron d i f f u s i o n  method used appears t o  be 
the  main reason f o r  the previous ly  observed d i f f e r e n c e s  
between OL and OR s i l i c o n  cel ls .  However, the proper- 
t ies  of t h e  s t a r t i n g  s i l i c o n  can s t i l l  determine both 
p r e - i r r a d i a t i o n  and p o s t - i r r a d i a t i o n  c e l l  performance, 

T h e  oxygen concent ra t ion  i n  t h e  s t a r t i n g  ingot  c o n t r o l s  
t h e  speed of recovery ( f a s t  for OL s i l i c o n ,  slow f o r  OR 
s i l i c o n )  e The three most used donor dopants (phosphorus, 
a r s e n i c  and .antimony) do no t  a f f e c t  t h e  p r e - i r r a d i a t i o n  
c e l l  performance. However, antimony appears t o  complex 
w i t h  l i t h i u m  ( s i m i l a r  t o  oxygen) and slows the  post-  
i r r a d i a t i o n  recovery, ( 3 )  

The va lue  of the s t a r t i n g  c r y s t a l  r e s i s t i v i t y  does not 
a f f e c t  c e l l  performance provided it is  g r e a t e r  than 
10 ohm-cm. 

I n  t h e  previous work, no c o n s i s t e n t  c o r r e l a t i o n  was 
observed between ce l l  performance and d i s l o c a t i o n  
dens i ty .  However, the c u r r e n t  boron methods used do 
n o t  in t roduce  l a r g e  numbers of d i s l o c a t i o n s  and allow 
a bet ter  eva lua t ion  of the e f f e c t s  of c r y s t a l  growth 
d i s l o c a t i o n s .  With the same l i t h ium d i f f u s i o n  schedule ,  
there a r e  s t i l l  measurable d i f f e r e n c e s  i n  the l i t h ium 
d i s t r i b u t i o n  f o r  OL and OR s i l i c o n  (see Sec t ion  3 . 3 . 1  
below) and t h i s  is r e f l e c t e d  i n  d i f f e r e n t  ce l l  proper- 
t ies ,  These d i f f e r e n c e s  become less pronounced a s  the 
l i t h ium schedule is ad jus t ed  (lower temperatures used 
mainly) t o  g ive  less l i t h i u m  i n  the cel ls ,  

The t rend  i n  t h i s  yea r ' s -work  has  been towards cells  
w i t h  less l i t h ium (and consequently, bet ter  performance 
be fo re  i r r a d i a t i o n ) .  This t rend  was poss ib l e  when it 
was r e a l i z e d  t h a t  f o r  the missions of immediate i n t e r e s t ,  
the expected f luence  r a t e s  a r e  l o w e r  than those used i n  
the p a s t  for ce l l  eva lua t ion .  Also, o f t e n  t h e  mission 
temperatures a r e  around 6 0 " C ,  and a t  t h i s  temperature 
tests have shown t h a t  l i t h ium can d i f f u s e  t o  t h e  
r a d i a t i o n  damaged si tes even w i t h  t h e  lower d i f f u s i o n  
r a t e  found i n  OR s i l i c o n ,  

ThusI  from a p r a c t i c a l  p o i n t  of view, t h e  range of s i l i -  
con used can be reduced t o  OR s i l i c o n  where mission 
temperatures exceed 50"C, and t o  a f e w  forms of OL 
s i l i c o n  such  a s  Lopex,for missions where the e q u i l i -  

-5- 



Property 

b r i u m  temperatures a r e  lower (down t o  20°C) o r  where 
f a s t e r  anneal ing r a t e s  a r e  necessary,  

However, from a b a s i c  viewpoint, there is s t i l l  need 
t o  expla in  i n  d e t a i l  the e f f e c t s  of the s t a r t i n g  
s i l i c o n .  The p r a c t i c a l  techniques being used now 
al low a better comparison than i n  previous work. 

3 - 2  Boron Diffusion Methods: 

The method chosen f o r  d i f f u s i o n  of the P/N junc t ion  
m u s t  overcome the disadvantages of the o l d e r  boron 
t r i c h l o r i d e  (BCl3) method, namely, the removal of 
s i l i c o n  by gas e tch ing ,  the in t roduct ion  of stress 
i n  t h e  s i l i c o n ,  and reduced bonding f o r  con tac t s  on 
t h e  r e s i d u a l  f i l m .  The newer method m u s t  a l s o  match 
t h e  advantages of t h e  o l d e r  method, namely, repeat-  
a b i l i t y ,  minimum dependence on ce l l  s u r f a c e  f i n i s h ,  
and t h e  g e t t e r i n g  a c t i o n  occurr ing  during d i f f u s i o n .  
Table I summarizes t h e  var ious p rope r t i e s .  

Table I 

Comparison of P rope r t i e s  of Various Boron Diffusion Methods 

Repea tab i l i t y  

Pre-diffusion c l ean  t o  
c o r r e c t  f o r  s u r f a c e  f i n i s h  

Removal of s i l i c o n  

Get te r ing  p o s s i b i l i t y  

Adhesion for con tac t s  

Choice of good a n t i -  

S t r e s s e s  i n  t h e  s i l i c o n  

Differences between OL and 

r e f l e c t i n g  f i l m s  

OR s i l i c o n  

BCl3 

Modified* 

BCl3 

good 

no t  
needed 

severe  
( Id5 m i l s )  

qood 
poor 

. l imi t ed  

high 

high 

good 

n o t  
needed 

mod e r a  t e 
. (0,7 m i l s )  

good 

f a i r  

good 

low 

s l i g h t  

BBr3 

f a i r  

needed 

none 

f a i r  

good 

good 

l o w  

s l i g h t  

*The modified BC13 process  involves  reduced 
tack-on t i m e s  or reduced BCP3 flow r a t e s .  

+These sources  include diborane, t r imethyl  
bo ra t e ,  and Borofilm. 

Other 

Sources + 

poor 

needed 

none 

f a i r  

good 

good 

l o w  

s l i g h t  
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Comments on Table I 

The r e p e a t a b i l i t y  i s  judged by the values  
for  the I - V  c h a r a c t e r i s t i c s  obtained i n  
success ive  runs,  using the same boron 
d i f f u s i o n  condi t ions ,  both with ce l l s  con- 
t a i n i n g  l i th ium,  and cel ls  made from the 
s t a r t i n g  s i l i c o n  without  l i thium. The need 
f o r  a pre-d i f fus ion  removal of excess s u r -  
f ace  damage is less when the boron source 
provides some gaseous e tch ing  of t h e  s i l i c o n ,  
a s  is t h e  case  f o r  BCl3. T h i s  c r i t e r i o n  is  
less important i f  a po l i shed  su r face  i s  used 
f o r  t h e  cel l .  The g e t t e r i n g  p o s s i b i l i t y  is  
gauged by the amount of boron-rich d e p o s i t  
formed on the s i l i c o n ,  and a l s o  by t h e  values  
of bulk response obtained ( l a r g e r  response i f  
g e t t e r i n g  e f f e c t i v e )  

The con tac t  adhesion comparison followed 
q u a l i t a t i v e  tests of the performance during 
equiva len t  t ap ing  opera t ions  dur ing  fabr ica-  
t i o n ,  or semi-quantitative tests using a tape- 
t es t  on the contpleted cel ls .  

S t r e s s e s  i n  the s i l i c o n  w e r e  determined either 
from a d i s l o c a t i o n  d e n s i t y  count,  o r  i n  t h e  
more severe  cases  i n  the incidence of warpage 
or breakage dur ing  f a b r i c a t i o n .  For example, 
F i g u r e  1 shows the reduced s i l i c o n  removal a s  
the BC13 tack-on t i m e  was reduced. 
2 shows t h e  r e s u l t i n g  reduct ion o f  e t ch -p i t  
d e n s i t y  i n d i c a t i n g  reduced d i s l o c a t i o n  dens i ty .  
The va lues  obtained a t  lower tack-on t i m e s  a r e  
comparabl-e t o  those r e s u l t i n g  f r o m  t h e  best of 
t h e  o t h e r  boron methods, 

Figure 

The d i f f e r e n c e s  i n  OL and OR s i l i c o n  a r e  l a r g e r  
for l i t h i u m  d i f f u s i o n  sequences w h i c h  introduce 
f a i r l y  h igh  concent ra t ions  of l i t h ium i n t o  t h e  
cel-ls, The F.Z, s i l i c o n  i s  more s e n s i t i v e  t o  
boron d i f f u s i o n  methods than Lopex s i l i c o n ,  The 
su r face  l a y e r  removed during boron d i f f u s i o n  can 
be a severe  disadvantage when cel ls  w i t h  complex 
s t r u c t u r e s  (e .g ,  an N+, oxygen o r  other l a y e r s  
introduced under the P+ l a y e r )  a r e  required,  
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3.2-1 Summary of Boron Diffusion Methods: 

A t  p r e sen t  the modified BC13 method 
with reduced i n t e r a c t i o n  between the 
BCl3 and the s i l i c o n ,  and the u s e  of 
a l i q u i d  B B r 3  source a r e  being 
evaluated f o r  best opera t ion  under 
p i l o t - l i n e  condi t ions.  These p resen t  
methods introduce f e w e r  s e r i o u s  
v a r i a b l e s ,  and t h u s  allow comparison 
of a l l  the forms of s i l i c o n  c r y s t a l  
growth ( i f  needed),  and any l i t h ium 
d i f f u s i o n  schedule.  

3 . 3  Lithium Diffusion Methods: 

3.3.1 Lithium D i s t r i b u t i o n  i n  C e l  Is : 

A s  mentioned above, work i n  the p a s t  
year  has  l ed  t o  the a c c e p t i b i l i t y  of 
reduced amounts of l i t h i u m  i n  the 
b u l k  of the c e l l  and near  the P/M 
junc t ion .  AI-so, OR s i l i c o n  with i t s  
g r e a t e r  i n i t i a l  output  and better post-  
i r r a d i a t i o n  s t a b i l i t y  is considered 
useable  f o r  many of t h e  missions of 
i n t e r e s t  because of the l o w  f luence  and 
t h e  acce le ra t ed  anneal ing p o s s i b l e  a t  
mission temperatures exceeding 60°C. 

I n  l a s t  y e a r ' s  work, most emphasis i n  
l i t h i u m  work centered on the u s e  of 
dr ive- in  p lus  r e d i s t r i b u t i o n  cyc les  
( e , g o  425°C f o r  90 minutes, followed by 
425°C f o r  120 minutes) ,  t o  reduce t h e  
amount of l i t h ium introduced, and hope- 
f u l l y  t o  provide lower g rad ien t s  of 
l i t h i u m ,  Measurements l a s t  year  (1) 
showed t h a t  t hese  r e d i s t r i b u t i o n  cyc les  
achieved lower concent ra t ions  b u t  t h e  
l i t h i u m  concent ra t ion  decreased sharp ly  
a t  both t h e  f r o n t  and t h e  back su r faces  
of the cel l .  This year ,  most emphasis 
has  been on a s i n g l e  dr ive- in  cyc le ,  
using l o w e r  temperature and longer  t i m e s ,  
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To understand t h e  ce l l  behavior a f t e r  
s u c h  schedules,  a series of d e l i b e r a t e l y  
var ied  cyc les  was used f o r  both OR and 
OL s i l i c o n .  

The cyc les  used  w e r e  a s  follows: 

A - 4 2 5 ° C  f o r  90 minutes 

B - 4 0 0 ° C  for 90 minutes 

C - 3 7 5 ° C  f o r  180 minutes 

D - 3 5 0 ° C  f o r  300 minutes 

E - 3 2 5 ° C  for 480 minutes 

These cyc les ,  e s p e c i a l l y  C,  D and E had 
s i m i l a r  ( D t )  products  where D is  t h e  
d i f f u s i o n  cons tan t  f o r  l i t h ium and t is  
t h e  t i m e .  The c loseness  of the ( D t )  
product means t h a t  t h e  l i t h ium concentra- 
t i o n  a t  equiva len t  d i s t a n c e s  i n t o  the 
s i l i c o n  would be s i m i l a r  for s i m i l a r  s u r -  
f a c e  concentrat ion.  However, a s  seen 
below, the s u r f a c e  concent ra t ion  d i f f e r e n c e s  
outweighed t h e  close(Dtj  product,  and l ed  t o  
d i f f e r e n t  l i t h i u m  concent ra t ions  a t  equiva- 
l e n t  depths i n t o  the s i l i c o n .  I n  add i t ion ,  
a l s o  a s  seen below, OL and OR s i l i c o n  gave 
d i f f e r e n t  l i t h i u m  concent ra t ions  f o r  t h e  
same d i f f u s i o n  schedule.  

Figures 3 throuqh 6 show t h e  measured l i t h i u m  
concent ra t ions ,  Figure 3 shows t h e  l i t h ium 
concent ra t ion  p r o f i l e s  obtained from 
r e s i s t a n c e  probe measurements for  a l l  f i v e  
schedules f o r  OR s i l i c o n ,  Noticeable a r e  
the severe  f a l l  o f f  near  t h e  back and f r o n t  
su r f aces ,  and the decreased concent ra t ion  
a s  the d i f f u s i o n  temperature was lowered. 
F i g u r e  4 shows a s i m i l a r  p l o t  for OL s i l i c o n .  
Both t h e  back s u r f a c e  concent ra t ion  and the 
bulk concent ra t ion  a r e  much lower than those 
measured f o r  OR s i l i c o n  f o r  t h e  same d i f f u s i o n  
schedules e 

Figures 5 and 6 show the d e t a i l e d  donor 
concent ra t ions  near  t h e  P / N  junc t ion ,  The 
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values  nea res t  the junc t ion  were obtained 
from a n a l y s i s  of t he  measured capacitance- 
vo l tage  r e l a t i o n s ,  For t h i s  ana lys i s  the 
ce l l  capaci tance was measured a s  a funct ion 
of reverse  vol tage  b i a s ,  As t he  b i a s  in- 
creased, the deple t ion  l a y e r  increased a l s o o  
thereby decreasing the capaci tance.  I t  is 
reasonable  t o  assume t h a t  t he  P/N junct ion 
is  a one-sided s t e p  junc t ion  (the impurity 
concentrat ion i n  the PC l aye r  is  f a r  g r e a t e r  
than t h a t  i n  the N-region, even w i t h  l i th ium 
doping, with t h i s  assumption, the varyin4 
l o c a l  donor dens i ty  can be determined i n  the  - 

region t o  which the  deple t ion  l aye r  expands a s  
t h e  vol tage  is  increased.  

T h e  capaci tance per  u n i t  a rea  a t  a given reverse  
bias is given by 

c = K 1  
w 

where R 1  is a cons tan t  including 
measurable s i l i c o n  p rope r t i e s  and 
W is  t h e  w i d t h  of t he  deple t ion  
l a y e r  a t  the given b i a s .  

For the  s t e p  junct ion,  t he  number 
of impur i t ies  a t  the edge of the 
deple t ion  l a y e r  is given by 

N = K2 

where K2 is another  constant  t e r m  
containing physical  cons tan ts ,  o r  
s p e c i f i c  s i l i c o n  p rope r t i e s ,  Equatio 
(2) can a l s o  be w r i t t e n  as 

N = K 2  C3 

-dC 
d V  
- 

ere C is the average capaci tance 
measured f o r  a small  b i a s  vo l tage  
d i f f e r e n c e  dV,  and dC is the t o t a  
capaci tance change, f o r  the same dV. 



Thus, by p l o t t i n g  capaci tance C versus V, 
and s e l e c t i n g  values  a t  var ious b i a s  
vol tages ,  a number of values  of W and N can 
be foundl g iv ing  the donor p r o f i l e  i n  the  
region swept by the b i a s ,  The main l i m i t a t i o n  
t o  t h i s  method is t h a t  the shallow PIN junc t ion  
breaks down a t  r e l a t i v e l y  low vol tages  ( M  20 
v o l t s )  and t h i s  l i m i t s  t h e  ex ten t  of the 
deple t ion  region, and the re fo re  the  ex ten t  of 
t he  donor measurement. I n  p r a c t i c e ,  d i s t ances  
of 5 t o  10 pm a r e  explored, The advantage of 
the method is  t h a t  it provides r e so lu t ion  on 
a f ine-sca le  unobtainable  even w i t h  very p r e c i s e  
probe methods e 

I n  the examples given i n  Figures  5 and 6,  it can 
be  seen t h a t  f o r  t he  same l i th ium schedule,  OR 
s i l i c o n  has  lower donor concentrat ion near  the 
P/N junc t ion  than OL s i l i c o n ,  I n  both cases  the 
concentrat ions decrease a s  t he  d i f f u s i o n  tempera- 
t u r e  was lower. 

Figure 7 summarizes the measured l i th ium 
concentrat ion shown f o r  three of t he  d i f fus ion  
schedules,  A, C and E. 

Figure 8 g ives  the  l i t h ium concentrat ion g rad ien t  
f o r  t he  same t h r e e  cycles  A, C and E, es t imated 
from the capaci tance measurements. These 
gradien ts  a r e  those ca lcu la ted  f o r  d i s t ances  
extending less than 5 microns below t h e  P I N  
junc t ion ,  and have been shown ( 3 )  t o  be r e l a t e d  
t o  the  speed of recovery a f t e r  exposure t o  
mod.erate f luences,  I t  should be noted t h a t  i f  
t he  l i th ium concentrat ion g rad ien t  f o r  d i s tances  
up t o  20 microns below the junc t ion  w e r e  t h e  
c o n t r o l l i n g  f a c t o r ,  t h e  g rad ien t s  f o r  OR s i l i c o n  
would be higher  because of t he  l a r g e  bulk 
concentrat ion f o r  OR s i l i c o n ,  Table 2 summarizes 
the  donor concentrat ion values ,  
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TABLE 2 

Lithium Concentrations Summarized* 

OL SILICON OR S I L I C O N  

Concentration 425°C- 
90min 

,325"c- 
480min, 

,375 " c- 
180min 

375°C- 

1015 

180min, 

1 ., 5 ~ 1 . 0 ' ~  

4x10I5 

2. 5x1Ol9 

,325"c- 
480min, 

,425"c- 
90min. 

, N L i  a t  P/N junc t ion  
(cm-3 

2x1015 

3 ~ 1 0 ' ~  

1x1016 

5, 5x101! 

1 ~ 1 0 ~ ~  

2x1017 

5 5x1016 

2x1019 

3x10I4 

16 1.x10 

lxl.016 

6x1 017 

N L i  2 m i l s  deep 
(cm-3) 

N L ~  a t  back s u r f a c e  
(cm-3) 

dNLi a t  P/N j u n c t i o n  
dX ( cm-4 

E a r l i e r  work showed f a i r l y  good c o r r e l a t i o n  
between ISC (AMO) and t h e  l i t h ium concent ra t ion  
25 t o  50Mm deep. However, t h e  r e s u l t s  shown he re ,  
and those mentioned i n  3,5 below show t h a t  i t  is  
probably t h e  impurity concentrat ion i n  t h e  f r o n t  
5ym depth i n t o  t h e  cel l  which is  t h e  determining 
f a c t o r  i n  ce l l  behavior,  More d e t a i l e d  s tudy of 
t h i s  region of t he  ce l l  is planned f o r  t h e  next  
phase of work (see 4,2 below) e 

F i g u r e  9 shows ISC and Voc values  i n  AM0 i l lumina- 
t i o n  f o r  t h e  var ious  d i f f u s i o n  schedules,  Table 3 
shows t h e  AM0 I - V  va lues  f o r  t h e  t h r e e  schedules 
A, C and E. 

*The measured values  deviated by a s  much a s  a f a c t o r  
of two, b u t  smooth curves w e r e  drawn and used f o r  
comparison a 



TABLE 3 

375°C - 180 min. 

325°C - 480 min. 
OL 

I - V  (AMO) Values f o r  Three L i t h i u m  Schedules (A, C and E ) *  

63,5 .57.5 25.5 585 

70 ,62,5 28 570 

For l o w e r  d i f f u s i o n  temperatures Isc increased f o r  
90 th  OL and OR s i l i c o n ;  VOC was s teady  f o r  OR s i l i c o n ,  
and decreased f o r  OL silicon.. The ISC values  can be 
understood from t h e  concent ra t ion  f i g u r e s  above, 
because increased l i t h ium concentrat ion decreased the 
minori ty  c a r r i e r  d i f f u s i o n  length,  and the re fo re  ISC- 
A t  high l i t h ium concentrat ion,  t h e  ISC (AMO) versus  
measured minori ty  c a r r i e r  d i f f u s i o n  lengths  f i t  on the 
t h e o r e t i c a l  curves (5) e A s  t h e  l i t h ium concentrat ion 
decreases ,  t h e  Isc values  inc rease  towards values  
obtained on cel ls  made on t h e  s t a r t i n g  ingot .  

The Voc decrease  i n  OL s i l i c o n  is  seen t o  be t h e  r e s u l t  
of t h e  lower back su r face  concentrat ion which allows an 
opposing Schottky b a r r i e r  t o  be se t  up, When t h i s  
b a r r i e r  was reducedp Lopex cel ls  with very good output  
w e r e  obtained f o r  Cycle E (see Sec t ion  3,4, Shipment C - 1 1 ) .  
The b a r r i e r  reduct ion r e s u l t e d  from provis ion  of a l i ke -  
impurity N-layer a t  t he  back cel l  su r face ,  This l a y e r  was 
formed by a s e p a r a t e  d i f f u s i o n  (phosphorus or ‘lithium) o r  
f r o m  a l l o y i n g  f r o m  donors included i n  t h e  metal contac t ,  

*The range of I -V  values  found i n  these  tests 
approximately 3mA for LSC and 1450~ and 1.OmV f o r  Voce 
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The d i f f e r e n c e s  i n  l i t h ium concentrat ion r e s u l t i n g  
from the sequence of d i f f u s i o n  schedules a l s o  a f f e c t e d  
both t h e  zero-bias Capacitance (h igher  concent ra t ion  
gave h igher  capaci tance nd vice-versa)  an 
af the  I n  C - I n  V p l o t  n= -d ( I n  C/d ( I n  
loa and 10b show p l o t s  f o r  OR and OL s i l i c o n ,  For the 
sequence of l i t h ium d i f f u s i o n  cyc le s  usedr t h e  measured 
va lues  of the zero-bias capac i tance  (CO) and the s lope  
(n)  covered a wider range f o r  DL s i l i c o n  than for OR 
s i 1 icon. 

A s  mentioned, h igher  Co values  showed t h a t  t h e  donor 
(mainly l i th ium)  concent ra t ion  was h igher  for t h e  high 
temperature d i f f u s i o n  cyc les .  For uniform donor doping 
on t h e  N-side of t h e  abrupt  P+/N junc t ion ,  n has a 
va lue  = - 0 - 5  a s  shown on Figures 10A and lob. When the 
donor doping l e v e l  v a r i e s  wi th  d i s t a n c e  from the P/N 
junc t ion  n f a l l s  below -0.5 and a s  can be seen is  lower 
a s  the d i f f u s i o n  schedule is  more severe.  N o  easy 
i n t e r p r e t a t i o n  of the n-values is poss ib l e ,  b u t  
comparison shows t h a t  for  a given schedule,  OL s i l i c o n  
has  d i f f e r e n t  n-values from OR s i l i c o n .  Table 4 
summarizes Co and n values  f o r  the t h r e e  d i f f u s i o n  
schedules A, C and E, 
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325°C - 480 min. 

The Co and n values  a r e  approaching those values  found 

f o r  t he  s t a r t i n g  s i l i c o n  a s  the  amount of l i t h ium is 
decreased,  The  s t a r t i n g  Co depends on the  i n i t i a l  
r e s i s t i v i t y ,  being m 2 mlJ.F/cm2 f o r  20 ohm-cm. The 
corresponding n-value measured f o r  cells  with no l i t h i u m  
i s  -0.5# a value expected f o r  an abrupt  P/N junct ion,  

- 
A 

0.42 I 4.8 

As found f o r  l i th ium schedules used l a s t  year,  t he  
l i th ium los ses  a t  t h e  back su r face  a r e  from out-diffusion 
and those near  t he  P/N junc t ion  r e s u l t  from f i e l d -  
a s s i s t e d  motion of l i t h i u m  i n t o  t h e  P+ region when it 
e n t e r s  t h e  p o t e n t i a l  g rad ien t  i n  the space charge region,  
The reduced concentrat ions now obtained f o r  the low 
temperature d i f fus ions  decrease the chance of s e r ious  
p r e c i p i t a t i o n  and genera l ly  increase  the  ce l l  s t a b i l i t y .  
This is  of p a r t i c u l a r  importance f o r  OL s i l i c o n ,  and 
should reduce the  incidence of post-recovery re-degrada- 
t i o n ,  

Some tests were run with l i t h i u m  d i f f u s i o n  f o r  s h o r t  
times (5 min. t o  120 min,) a t  the lower temperatures 
(425°C t o  325°C) and showed t h a t  a s  f o r  o ther  cycles ,  Voc 
increases  w e r e  obtained e l l  before  l i th ium was detected 
near  t he  P/N junct ion.  However, f o r  t he  more commonly 
used cycles  (AIC and E) most of the VOC increase  r e s u l t s  
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from the  decreased r e s i s t i v i t y  near  the  P / N  junc t ion .  
Experience w i t h  cel ls  w i t h  very l i g h t  l i t h i u m  doping(') 
has  shown t h a t  the increased Voc r e s u l t i n g  from very 
s h o r t  t i m e  cyc les  i s  s e r i o u s l y  decreased under  moderate 
i r r a d i a t i o n  f luences However, f o r  extended cyc le s  
such  a s  those used here no effects of t h i s  type a re  
foreseen. 

T e s t s  w e r e  run using th inne r  sl ices (10 m i l s  compared 
t o  the  usua l  14 m i l s )  and showed t h a t  f o r  cyc les  C and E 
the  l i t h i u m  concentrat ion a t  the  P/N junc t ion  was very 
s i m i l a r  f o r  both thicknesses .  T h i s  is con t r a ry  t o  
es t imates  made a t  higher  l i t h i u m  d i f f u s i o n  temperatures,  
The lower d i f f u s i o n  temperatures g ive  lower concentra- 
t i o n s  genera l ly ,  and the expected dependence on thick- 
ness  (more l i t h i u m  near  the f r o n t  of the th inner  s l ice ,  
f o r  a given schedule) may have been more d i f f i c u l t  t o  
resolve.  The conclusions here w e r e  mainly drawn from 
capaci tance measurements, and s h o w  mainly t ha t  the 
l i t h ium concentrat ion i n  the  few microns around the P/N 
junc t ion  was s imi l a r .  Addit ional  probe measurements a r e  
needed t o  compare the  complete p r o f i l e  through the 
sl ices e 

3 . 3 . 2  L i t h i u m  Diffusion Sources: 

I n  m o s t  of th i s  y e a r ' s  w o r k ,  a paint-on source of l i t h ium 
aluminum hydride i n  ether was used.  T h i s  has  been a 
convenient and repea tab le  source. Some more tests using 
evaporated l i t h ium metal showed promise. E a r l i e r  work 
had given d i f f i c u l t i e s  i n  r e p e a t a b i l i t y  b u t  w i t h  more 
use of lower temperature d i f f u s i o n s ,  needing less l i t h i u m ,  
the advantages of l i t h ium evaporation may be m o r e  e a s i l y  
a v a i l a b l e ,  Thus,  a d d i t i o n a l  comparison of the 

the bet ter  source f o r  p i l o t - l i n e  opera t ion ,  
and evaporation methods w i l l  be c a r r i e d  out ,  t o  determine 

3.4 C e l l  Shipments:: 

The number sequence f rm l a s t  y e a r ' s  shipments was continued t o  
avoid confusion between the cel ls  when they a r e  r e t e s t e d  a t  
var ious  t i m e s  a f t e r  i r r a d i a t i o n ,  
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purpose of Shipments 

c-9 To compare t h e  o lde r  BC13 d i f f u s i o n  method wi th  B B r 3  
d i f f u s i o n .  F loa t  zoned ( F Z )  s i l i c o n  was used, with 
a l i t h ium schedule of 425°C f o r  90 m i n u t e s  followed 
by r e d i s t r i b u t i o n  f o r  120 minu tes  a t  425°C. 

c-10 To compare two BC13 d i f f u s i o n  cyc les  ( s h o r t  and long 
tack-on t i m e s )  f o r  t h r e e  forms of s i l i c o n  (CG, Lopex 
and F Z ) .  A l l  ce l ls  had the  l i t h ium dr ive- in  cyc le  A 
(425°C - 90 min , ) ,  

c-11 Four groups of cells, Three used CG s i l i c o n ,  two wi th  
modified ( l o w  tack-on t i m e )  BC13, one with BBr3. One 
BC13 group had d i f f u s i o n  cyc le  C ,  (375°C - 180 min.) ,  
t h e  o t h e r  BCl3 group and t h e  BBr3 group had d i f f u s i o n  
cyc le  E (325°C - 480 m i n . )  e The fou r th  group used 
Lopex s i l i c o n ,  with modified BC13 d i f f u s i o n  and l i t h ium 
schedule E. 

c-12 This was a r epea t  of  C - 1 1 ,  us ing CG s i l i c o n ,  modified 
These cells  w e r e  BC13 method and l i t h ium schedule E. 

intended f o r  u s e  i n  t h e  real- t ime tests being run  under 
J P L  c o n t r a c t ,  
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Table 5 summarizes the  shipment d e t a i l s  and t h e  average 
I - V  (AMO) values  obtained,  I n  add i t ion  t o  t h e  four  
shipments descr ibed above, some groups shipped e a r l i e r  
are included f o r  comparison purposes,  The  dev ia t ions  
from t h e  average I - V  values  w e r e  around 4 3mA for  ISC 
and 1450, and * lOmV f o r  VOC- 

TABLE 5 
Summary of Centralab C e l l  Shipments 

T e s t  Condition C e l l s  2 c m 2  area, 28"C, 
I l lumina t ion  AMO, 140 mW/cm2 

Shipment 
N o  

c-2 

c-4 

c- 5 

C-6 

c- 9 

c-10 

S i  
Form 

CG 

Monex 

Monex 

Monex 

CG 

FZ 

CG 

CG 

FZ 

FZ 

FZ 

FZ 

Lope% 

R e s i s t i v i t y  
Ohm-cm 

10 

100 

100 

100 

30 

90 

10-40 

40 

25 

25 

90 

90 

135 

Dopant 

Sb 

P 

P 

P 

As 

P 

Sb 

P 
P 

P 

P 

P 

P 

P 

Li-Dif f 
Schedule 

425"-90 (+120) 

425"-90 

425"-90 (+60) 

425"-90 (t-120) 

425"-90 (+120)  

425"-90 (+120) 

425"-90 (+120) 

425"-90 (-4-120) 

425"-90 (+120) 

425"-90 (-4-120) 

425"-90 

425"-90 

425"-90 

B-Dif f .) 

~ ~ 1 3  
(o lde r )  

~ ~ 1 3  
(o lde r )  

~ c l 3  
(o lde r )  

~ c l 3  
(o lde r )  

~ c l 3  
(o lder )  

BCl3 
(o lder )  

(o lde r )  

~ ~ 1 3  
(o lder )  

BCl3 
o lde r )  

BBr3 

BCl3 
o lde r )  

BCl3 
mod ) 

BC13 

BCl3 
(o lder )  

- 
IS 
mA 

69. 
- 

54 

59, 

65 

69 

62 

68 

69 

7 1  

70 

54 

61, 

60 e 

I450 
mA 

67.5 

50 

54 

53 

64.5 

49 

63 

63 

63 

6 2  

48-5 

58 

56,5 

- 
p45 

mW 

30, 
- 

22  * 

24. 

24 

29 

22 

28.  

28. 

28.  

28  

2 1 ,  

26 

25, 

voc 
mV 

590 
- 

560 

555 

555 

585 

540 

585 

585 

555 

565 

555 

575 

580 

- 
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TABLE 5 
(Continued 1 

Isc 
mA 

66 

61.5 

62 

73 

70.5 

7 1  

67-5 

74 

Summary of Centralab C e l . 1  Shipments 

I45( 
m 

61.! 

58.i 

59 

67.1 

65. 

65. 

59 

70 

T e s t  Condition C e l l s  2 c m 2  a r ea ,  2 8 " C ,  
I l lumina t ion  AMO, 140 mW/cm2 

26 

26,5 

30.5 

29.5 

29.5 

26.5 

31,5 

Shipment 
No. 

585 

590 

600 

605 

590 

575 

605 

c-11 

c-12 

S i  
F o r m  

Lopex 

CG 

CG 

CG 

CG 

Lope> 

CG 

CG 

R e s i s t i v i t y  
Ohm- c m  

135 

30 

30 

50 

50 

>75 

50 

50 

bopan t 

P 

P 

P 

As 

As 

P 

As 

As 

Li-Dif f .  
Schedule 

425"-90 I 

425"-90 

425"-90 

325"-480 

375 "-180 

325"-480 

325"-480 

325"-480 

B-Diff. 

BCl3 
(mod) 

~ C l 3  
(o lder :  

~ C l 3  
(mod) 

(mod 1 
B C L ~  

(mod 1 
~ c 1 . 3  

(mod 1 

BBr3 

BCl3 
(mod) 

BC13 

Examination of Table 5 shows t h a t  some groups (C-2, C-11  and 
C-12)  have average P450 output  comparable t o  o r  better than 
t h a t  obtained from 10 ohm-cm N/P cells ,  Thus, l i t h ium doped 
cells can be a t  l e a s t  a s  good i n i t i a l l y  a s  p re sen t  N/P cells ,  
Table 5 shows t h a t  P450 can reach 32 mW f o r  cel ls  made wi th  
l i t h ium cyc le  E. I t  is  now p o s s i b l e  t o  f a b r i c a t e  cells  from 
t h e  same s t a r t i n g  s i l i c o n  w i t h  ou tputs  ranging from 25 t o  35mW 
by a l t e r i n g  t h e  l i t h ium d i f f u s i o n  schedule,  I n  t h e  coming 
y e a r ' s  program such a sequence w i l l  be c a r r i e d  ou t  t o  s tudy i n  
d e t a i l  the t r adeof f  between i n i t i a l  ou tput ,  degradat ion r a t e p  
recovery r a t e ,  and f i n a l  recovered output ,  

Figures 11 through 14 g i v e  t h e  percentage y i e l d  d i s t r i b u t i o n s  
f o r  shipments C-9 through C-12,  The v a r i a t i o n s  i n  F i g u r e  1 2  
a r e  caused mainly by small  groupsI with t h e  usual  range of 
P450 b u t  with tendency f o r  t h e  output  t o  be bunched wi th in  t h e  
range a 
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3,5  Associated T e s t s :  

3 e 5,P Oxygen-layer C e l l s :  

Reports on t h e  ce l l s  i n  C-8 which had t h i s  
s t r u c t u r e  showed t h a t  the t h i n  oxygen l a  er 

The recovery r a t e  was decreased by t w o  
o rde r s  of magnitude. However, the redegra- 
datiofl r a t e  was a l s o  decreased (as  pred ic ted)  
p a r t i c u l a r l y  f o r  t h e  Lopex cel ls .  Because 
p re sen t  l i t h ium l e v e l s  a r e  low enough t o  
minimize redegradat ion,  no advantage was seen 
f o r  f u r t h e r  cel ls  w i t h  t h i s  s t r u c t u r e ,  except 
t o  throw l i g h t  on t h e  mechanisms opera t ing  i n  
t h e  cel ls ,  More cells  w e r e  made b u t  n o t  
shipped f o r  i r r a d i a t i o n .  

had severe  e f f e c t s  on ce l l  performance, Y4) 

Other r e p o r t s  ( 3 )  suggested t h a t  antimony a s  
a dopant i n  N-type crucible grown s i l i c o n  
reduced t h e  l i t h ium d i f f u s i o n  r a t e  i n  a way 
s i m i l a r  t o  oxygen, Thus it w i l l  be of i n t e r e s t  
t o  f a b r i c a t e  ce l l s  from OL s i l i c o n ,  with a t h i n  
l a y e r  of antimony near  t h e  f r o n t  of the cel l  t o  
check the d i f f e r e n c e  i n  bahavior of t h e  cel ls  
a f t e r  i r r a d i a t i o n .  

3.5.2 Front Sur face  In t roduct ion  of Lithium: 

P a r t  of shipment C-8 included cells of t h i s  
type., The F Z  s i l i c o n  cel ls  w e r e  unsa t i s f ac to ry ,  
showing d r i f t  on t h e  shelf, However, t h e  CG 
s i l i c o n  cells recovered f a s t e r ,  b u t  because of 
the l a r g e  concentrat ion of l i t h ium near  t h e  P/N 
junc t ion  they d i d  n o t  recover t o  l e v e l s  compara- 
ble  t o  conventional l i t h i u m  cells,  More cel ls  
w e r e  made t h i s  year  b u t  w e r e  no t  shipped. 
Howevero t h e  idea behind t h i s  s t r u c t u r e  is sound@ 
namelyp t o  introduce l i t h i u m  only 
needed most, Therefore,  more tests of f r o n t  
su r f ace  l i t h ium in t roduct ion  using reduced l i t h ium 
concent ra t ions  a r e  scheduled for  t h e  next  phase of 
work e 
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3 - 5 . 3  A n t i r e f l e c t i n g  Coating S tud ie s :  

The p resen t  l i t h ium ce l l s  have two poss ib l e  
a n t i r e f l e c t i n g  f i l m s ,  F i r s t  the modified 
Bel3 method leaves  a boron s t a i n  f i l m ,  w h i c h  
can be p a r t l y  removed by dipping i n  hydro- 
f l u o r i c  ac id ,  T h i s  l a y e r  is  then covered by 
conventional S i 0  coa t ing ,  Measurements have 
shown t h a t  the r e f l e c t i v i t y  of t h i s  double 
l a y e r  is a s  low over much of t h e  s p e c t r a l  
range of i n t e r e s t  (0,9pm) a s  t h e o r e t i c a l l y  
optimum double l aye r s .  This leads  t o  
enhanced ISC, p a r t i c u l a r l y  f o r  t h e  short 
wavelengths, Increased s h o r t  wavelength 
response is  always favorable  f o r  bet ter  
r a d i a t i o n  s e s i s t a n c e .  

Second, methods l i k e  BBr3 when performed proper ly  
can l eave  a very c l ean  s i l i c o n  sur face ,  w h i c h  can 
then have a conventional S i 0  coa t ing  appl ied ,  
A t  p r e sen t  any of the a n t i r e f l e c t i n g  coa t ings  
c u r r e n t l y  under s tudy  f o r  s o l a r  cel ls  e i t h e r  
b a r e  o r  covered can be used wi th  the l i t h ium 
cells.  

3.5.4 Etch S tudies :  

N o  d e f i n i t e  c o r r e l a t i o n s  have y e t  been drawn 
concerning the e f f e c t  of l i t h i u m  d i f f u s i o n  on 
t h e  e t c h  p i t  p a t t e r n s  developed by var ious  
e t chan t s ,  The d i f f i c u l t y  l ies  i n  the i n t e r -  
a c t i o n  of s e v e r a l  p o s s i b l e  effects,  For 
example, the in t roduct ion  of l i t h ium a t  t h e  
back s u r f a c e  leads  t o  t h e  appearance of l a r g e  
"h i l l ocks"  when t h e  back su r face  is  etched, 
a f t e r  e tch ing  o f f  s u f f i c i e n t  s i l i c o n  (2 m i l s )  
t o  etch-pol ish below the rough su r face  f i n i s h ,  

Also, d i s loca t ion-e tch ing  near  t h e  f r o n t  of t h e  
c e l l  (below the  boron d i f fused  l a y e r )  o f t e n  
shows  s i g n i f i c a n t l y  reduced e t ch -p i t  dens i ty  
*when l i t h ium has  been d i f fused  from t h e  back 
su r face ,  HoweverI it is n o t  c l e a r  y e t  whether 
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3,5.5 

t h i s  i s  caused by the l a r g e  decrease  i n  r e s i s t i v i t y  
r e s u l t i n g  from the l i t h i u m  d i f f u s i o n ,  o r  whether 
t he  d i s l o c a t i o n  dens i ty  r e a l l y  has  been reduced, 
More work is scheduled on these e t ch  s t u d i e s ,  

Contact Problems : 

There have been two in te rmi t . ten t  problems w i t h  
con tac t s  f o r  l i t h i u m  cel ls ,  F i r s t ,  when r e s i d u a l  
s t a i n  f i lms  a r e  l e f t  a f t e r  boron d i f f u s i o n ,  t h e  
con tac t  l a y e r s  do not  always adhere w e l l .  Second, 
because of t h e  lack  of a s i n t e r i n g  cyc le  for t h e  
back con tac t ,  occasional  pee l ing  is observed, 
Both f r o n t  and back con tac t  pee l ing  occurs for  
t i t an ium-s i lver ,  t i tanium-palladium-silver or 
aluminum con tac t s .  More work is  scheduled t o  
improve t h e  s u r f a c e  prepara t ion  before  applying 
con tac t s ,  This is  an urgent  requirement t o  
enable  l i t h ium cel ls  t o  su rv ive  space type 
approval tests e 

4,o Recommendations 

The l i t h ium s o l a r  cel ls  made i n  t h e  l a s t  year  can have i n i t i a l  
output  equal t o  or i n  some cases  better than p resen t  production- 
type N/P ce l l s  made w i t h  10 ohm-cm P-s i l icon ,  I n  r a d i a t i o n  
environments w h e r e  heavy p a r t i c l e s  such a s  protons or neutrons 
a r e  predominant, t h e  recovery c h a r a c t e r i s t i c s  and therefore t h e  
end-of-mission output  f o r  l i t h ium cells exceeds t h a t  of N/P 
cells .  When e l e c t r o n s  a r e  the main ing red ien t  of t h e  charged 
p a r t i c l e s  s t r i k i n g  the  s o l a r  a r r ay ,  l i t h ium cells a r e  a t  l e a s t  
compet i t ive w i t h  N/P cells  a t  end of mission, Thereforep t h e  
recommendations given h e r e  a r e  intended t o  conso l ida t e  the 
p resen t  l i t h ium ce l l  performancep wi th  emphasis on f l i g h t -  
o r i en ted  t a sks ,  However8 s o m e  more b a s i c  work is  a l s o  required,  
and some of t h e  recommendations a r e  aimed a t  improving the de- 
t a i l e d  understanding of t h e  opera t ion  of t h e  cells ,  

4.1 Improvements Required i n  Fabr ica t ion  Processes:  

4 = l a 1  Choice of S i l i c o n :  

OR s i l i c o n  may be adequate for  t h e  major i ty  of 
missions As the expected f luences become higher ,  
h igher  a r r a y  temperatures a r e  neede 
adequate recovery r a t e ,  For s o m e  of the h igher  
f l u x  missions,  OL s i l i c o n  m u s t  s t i l l  be used, 
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4 - 1 - 2  

4-1.3 

4.1.4 

4 , 2  Basic 

Boron Diffusion:  

Work w i l l  cont inue on modified ~ C l 3  and 
BBr3 t o  f ind  which method i s  best f o r  
scaling-up. Nei ther  method is y e t  
comparable i n  q u a n t i t y  uniformity t o  the 
phosphorus methods used most for N/P  cel ls ,  
Therefore,  t h e  t rade-off  between output  and 
number of cel ls  ab le .  t o  be processed w i l l  
be inves t iga t ed ,  

L i  th  iu.m D i f f u s  ion : 

I n  t h e  same way a s  donor d i f f u s i o n s ,  p i l o t -  
s c a l e  tests of paint-on and evaporation a r e  
needed, again t o  f ind  the balance between 
ce l l  uniformity and ba tch  s i z e s .  

The d i f f u s i o n  cyc les  w i l l  be r e s t r i c t e d  t o  
those  g iv ing  smal le r  b u t  adequate l i t h ium 
concent ra t ions  i n  t h e  cel ls ,  Most of t h e  
cyc le s  w i l l  be s i n g l e  dr ive- in  low tempera- 
t u r e s  (below 400°C) f o r  long t i m e s .  

Contacts and Coatings: 

Emphasis should be placed on improved su r face  
pre t rea tment  b e f o r e  applying contac ts .  The 
metals used w i l l  be t i t an ium-s i lver ,  t i tanium- 
pal ladium-si lver ,  o r  aluminum, The p resen t  
coa t ings  w i l l  probably be maintained, Before 
a p p l i c a t i o n  of bo th  con tac t s  and coa t ings ,  
p a r t i c u l a r l y  for  con tac t s ,  improved su r face  
p repa ra t ion  is needed, I n  add i t ion  t o  
t i gh ten ing  the chemical procedures usedr 
e x t r a  c leaning  using glow discharge i n  a 
vacuum system, w i l l  be evaluated f o r  improved 
con tac t  adhesion without  degradat ion,  

Information Required: 

More w o r k  is  needed t o  c l a r i f y  t h e  best l o c a t i o n  and 
d i s t r i b u t i o n  of l i t h ium i n  t h e  ceP s ,  Physical  
s t u d i e s  w i l l  be continued t o  f ind  a n a l y t i c a l  methods 
t o  combine w i t h  t h e  measured cel l  p r o p e r t i e s ,  t o  
explore  t h e  d e t a i l e d  behavior of t h e  cel l ,  Methods 
w i l l  be sought which a r e  s u i t e d  t o  d e t e c t i o n  of 
important t r a c e  impur i t ies  i n  the cell .  
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5 e o  Mew Technoloqy 

A d e s c r i p t i o n  of the amended BCl3 cyc les  developed 
during t h i s  c o n t r a c t  per iod w i l l  be submitted t o  
Je t  Propulsion Laboratory f o r  eva lua t ion .  
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F i g u r e  3, Donor concentration profiles for various lithium diffusion schedules  e 
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F i g u r e  5 Donor concentration. profiles f o r  var ious  lithium schedules ,  
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DISTANCE FROM P-N JUNCTION ( m i c r o n s )  

F i g u r e  6, Donor Concentration prof i les  fo r  var ious lithium schedules,  
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Applied Voltage + Barrier  Voltage (Volts) 

Fig. l 0 ( a ) .  Capacitance versus Voltage for  Various Lithium Schedules, 
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Applied Voltage 3. Barrier Volta e 
L&ex s i l icon .  

(Volts2 
Fig. 10 (b) - Ca a c i t a  c.e versus Voltage for  Jaridus CI hTulil-Bchedules, 
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